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The nucleation behavior of nanodiamond films and the associated electron field emission properties were investigated. Among the
important CVD parameters, the methane/hydrogen ratio and the total pressure impose most markedly effect, whereas the microwave power
and the boron content show least significant effect on the nucleation behavior for the nanodiamonds. Presumably, the prime factor modifying
the rate of formation of diamond nuclei is the proportion of C+- and H+-species contained in the plasma. The bias voltage applied for
nucleation of diamonds show more marked effect on improving the electron field emission capacity for the nanodiamonds than the boron-
content does. It is ascribed to the increase in proportion of grain boundaries, as the grain boundaries are highly conductive and are good
emission sites.
D 2004 Elsevier B.V. All rights reserved.
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Diamond films have been extensively investigated for the
applications as electron sources, since they possess very
good electron field emission properties [1–4]. Moreover,
these films can be synthesized easily by using microwave
plasma enhanced deposition (MPE-CVD) process with
consistent electron field emission properties. In contrast,
carbon nanotubes, although possess superior electron field
emission properties to the diamond films, has poor
processing reliability, since the preparation of carbon
nanotube involves catalysts in the synthesis process. There-
fore, there are wide interests in improving the electron field
emission properties of diamond films recently. One of the
possible routes for increasing the electron field emission0925-9635/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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grain boundary region, as it has been proposed that the grain
boundaries contain sp2-bonded carbon and provide con-
duction path for electron, which facilitates the electron field
emission process [5]. Increasing nucleation density is of
critical importance for the purpose of synthesizing nano-
diamonds. Various techniques, such as seeding with
diamond particulates [6], surface scratching [7], and laser
pre-processing [8], have been applied to enhance the
nucleation rate for growing diamond films. Bias enhanced
nucleation (BEN) process is overwhelmingly advantageous
to these pre-nucleation processes [9–11] and can achieve a
very high nucleation density. Recently, Sharda et al. [12]
and Jiang et al. [13] extended the bias voltage over growing
period so as to enhance the secondary nucleation of
diamonds that lead to the growth of nanodiamond films.
In this paper, we adopted the bias enhanced technique for
promoting the nucleation of nanodiamonds and suppressing
the growth of grains. The effects of growth parameters in
CVD process on the nucleation of the nanodiamond filmsls 14 (2005) 296–301
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correlated with the electron field emission properties of the
films. A possible mechanism was discussed.Fig. 1. The evolution of bias current (Ibias–t) for nanodiamonds nucleated
under different CVD parameters: (a) CH4/H2-ratio C=3–15%, (b) total
pressure P=40–55 Torr and (c) microwave power W=1000–1500 W (the
other parameters are listed in Table 1).2. Experimental
The diamond films were grown in a 2.45 GHz ASTeX
microwave plasma enhanced chemical vapor deposition
(PECVD) system on P-type mirror polished Si (100)
substrates. No pretreatment on substrate was performed
prior to the deposition of diamond films. The substrate
assembly was immersed in methane and hydrogen plasma.
The nucleation process was carried out under continuous
negative DC bias voltage, from 100 to 175 V, to the
substrate. Depositions were carried out under various
deposition parameters (listed in Table 1), and the as-grown
films were characterized using Raman spectroscopy
(Renishaw) and field emission scanning electron micro-
scopy (FESEM, Jeol). The Micro-Raman measurements
were performed at room temperature, using 514.5 nm laser
as the excitation source. Electron field emissions from
diamond films were measured using an electron source unit
(Keithley, Model 237).3. Results and discussion
In previous reports [14,15], we observed that, while the
bias voltage was held constant during the nucleation period
in MPE-CVD process, the bias current increases abruptly
after some incubation period followed by saturation at
longer deposition time. It has been proposed that the
increase in the bias current is due to the enhancement in
electron emission from the highly emissive diamond formed
on silicon substrate surface. A time evolution of the bias
current during nucleation stage is thus a good technique for
monitoring the nucleation kinetics for the diamond films.
The onset of bias current jump, which is the interception of
the base line and the slope of bias current–time curve, is
designated as the incubation time. The bias current–time
(Ibias–t) behavior for the first three series of the samples
listed in Table 1 are shown in Fig. 1, which reveals the
relative significance of the CVD parameters, methane/Table 1
The deposition parameters used for nucleating the diamonds in MPE-CVD
processa
Materials Total pressure
(Torr)
Microwave
power (W)
CH4/H2 (%) Boron
(sccm; %)
Series-C 55 1500 3–15 1.5; 0.5
Series-P 40–55 1500 7 1.5; 0.5
Series-W 50 1000–1500 7 1.5; 0.5
Series-B 55 1500 7 0–3; 0–1.0
a Hydrogen flow rate: 300 sccm; bias voltage: 125 V.hydrogen ratio (C), total pressure (P) and microwave
power (W), on the rate of formation for diamond nuclei.
Among the three important CVD parameters examined,
the methane/hydrogen ratio (CH4/H2=C) imposes the most
pronounced influence on the nucleation rate for the
nanodiamonds. Fig. 1(a) shows that, in series-C samples
(Table 1, W=1500 W, P=55 Torr, W=1500 W and C=3–
15%), the bias current (Ibias) at 125 V is small (~50 mA)
at the beginning of the nucleation process. The conduc-
tance of the plasma sheath is estimated to be around
0.4103 Siemens. The incubation time required for the
formation of diamond nuclei is around 82 min for C=3%
and is shorten pronouncedly as the CH4/H2-ratio (C)
increases. It needs only ~10 min incubation time to form
diamond nuclei when C=15%. The incubation time is
shortened 8.2 times due to the increase in CH4/H2 ratio.
Fig. 1(b) indicates the effect of total pressure (P) on the
nucleation behavior for the nanodiamonds. When the other
parameters were kept constant (Series-P, Table 1), the
incubation time decreases monotonously with the total
pressure, from T40=70 min for P=40 Torr to T55=15 min
for P=55 Torr. The incubation time is shortened 4.7 times
due to the change in total pressure. In contrast, Fig. 1(c)
shows that the microwave power (W) imposes less
significant effect on the rate of formation for the diamond
nuclei (Series-W, Table 1). Increasing the microwave power
from W=1000 to 1500 W shorten the incubation time from
T1000=27 min to T1500=10 min, that is, the incubation time
is shortened only for 2.7 times due to the change in
microwave power (W).
It should be noted that all the CVD parameters, which
enhance the formation of diamond nuclei, i.e., higher
CH4/H2-ratio (C), larger total pressure (P) and higher
microwave power (W), result in larger proportion of C+-
and H+-species. While the phenomenon that larger
proportion of C+-species in the reaction gases accelerates
the formation of diamond nuclei can be ascribed to the
Fig. 2. Typical (a) SEM micrograph and (b) Raman spectrum of as-
nucleated nanodiamonds, which indicate that the grain size is around 20–30
nm and the presence of D*- and G*-bands, respectively.
Fig. 3. The variation of bias current–time behavior (Ibias–t) for nucleation of
nanodiamonds with (a) boron content B=0–3 sccm (0–1.0%, 125 V) and
(b) bias voltage V=100 to 175 V (B=1.5 sccm, 0.5%) (the other
parameters are CH4/H2-ratio C=7%, total pressure P=45 Torr and micro-
wave power W=1200 W).
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concentration of H+-species can also promote the
formation of diamond nuclei is not as obvious. It is
possible that higher concentration of H+-species increases
the etching rate of the sp2-bonded amorphous carbons,
which exposes the sp3-bonded surfaces and, thereafter,
facilitates the nucleation of diamonds.
The SEM morphology and the Raman structure of as
nucleated nanodiamonds vary insignificantly with these
CVD parameters. A typical SEM microstructure of as-
nucleated nanodiamonds is shown in Fig. 2(a), indicating
that the grain size is around 20–30 nm. A typical Raman
spectrum for these materials is shown in Fig. 2(b), revealing
that the films contain D* band at 1150 cm1 and G* band at
1480 cm1, in addition to the common D band at 1332
cm1 and G band at 1580 cm1. The D* and G* band
represents the structure of nanodiamonds [16,17]. The
broadening of D-band shows that the diamond grains are
highly strained. It should be noted that there always appears
a resonance peak at around 1350 cm1 accompanying the
graphitic band at 1580 cm1 for all nanodiamonds films.
However, such a band cannot be well resolved in oursamples, since the D-band resonance peak was broadened
due to the decrease in the grain size of nanodiamonds. These
CVD parameters, although show marked influence on the
nucleation behavior for the nanodiamonds, impose insig-
nificant effect on the electron field emission properties for
the as nucleated nanodiamonds. Most of the as-nucleated
nanodiamonds are essentially none emitting (not shown).
To improve the electron field emission properties for the
nanodiamond films, incorporation of boron species into the
films is necessary, since the boron species can act as
acceptors, facilitating the electron field emission properties
for the conventional micron-grain diamond films [18].
Contrary to the marked effect of the three above-mentioned
CVD parameters (C, P and W) on the rate of formation for
diamond nuclei, the boron content (B) in the reaction gases
imposes less pronounced influence on the incubation for the
diamond nuclei. Fig. 3(a) shows that, for the Series-B
samples (cf. Table 1), the incubation time varies only
moderately with the boron content. It changes between 38
and 52 min, a factor of 1.37. The probable explanation is
that the C+-species contained in the gases are very abundant
in the CH4/H2 plasma. These ions, under the application of
large negative bias, are energetic and can induce the
nucleation of diamond very efficiently. The modification
on the rate of nucleation behavior for the nanodiamonds due
to the incorporation of boron species is thus relatively small.
Contrarily, it is expected that increasing the kinetic energy
for the C+ and H+ species by applying larger biasing voltage
during the nucleation periods can further enhance the
nucleation kinetics for the nanodiamonds. In fact, Fig.
3(b) shows that, for the gases containing 1.5 sccm
B(OCH3), the incubation time decrease from T125=50
min when biased at 125 V to T175=17 min when biased
at 175 V, i.e., the incubation time was shorten for a factor
of 3 due to the increase in bias voltage.
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insignificantly with the boron content and the bias voltage,
as illustrated in Fig. 4(a) and (b), respectively. These films
also contain D* band at 1150 cm1 and G* band at 1480
cm1, in addition to the typical broadened D-band at 1332
cm1 and G-band at 1580 cm1. In contrast, addition of
boron species modifies the morphology for the nano-
diamonds profoundly. Fig. 5(a) shows that the proportion
of large grains decreases as boron content increases such
that the grain size becomes more uniform. The average grain
size decreases with the addition of boron or with the
application of bias voltage (Fig. 5(b)).
Incorporation of boron species slightly modifies the
electron field emission properties for the nanodiamonds.
Fig. 6(a) reveals that all the nanodiamond films can emit large
current density (Imax~1 mA/cm
2) at a reasonable applied
field, which is pronouncedly superior to those for conven-
tional diamond films with micron-sized grains. The field
necessary for achieving Imax-value, Emax, decreases monot-
onically with the boron content first up to B(OCH3)3=1.5Fig. 4. Raman spectra for the as-nucleated nanodiamonds (a) doped with 0–
3 sccm (0–1.0%) boron species and grown under 125 V bias voltages, and
(b) doped with 1.5 sccm (0.5%) boron species and grown under 100 to
175 V bias voltages, indicating that the Raman spectra change
insignificantly with these parameters.
Fig. 5. (a) Typical SEM micrograph for the as-nucleated nanodiamonds,
which were grown in a reaction gas containing 0–3 sccm (0–1.0%)
B(OCH3)3, indicating that the grain size is around 20–30 nm; (b) variation
of grain size with boron-content, 0–3 sccm, bias voltage, 100 to 175 V,
for the nanodiamonds, showing that the grain size decreases with these
parameters.sccm, increases again when over-doped. The extend of
change in Emax-value is small, that is Emax=90 V/Am for
B(OCH3)3=0 sccm films and is 52 V/Am for B(OCH3)3=1.5
sccm films, whereas the turn on field (E0) decreases from 43
to 32 V/Am. In contrast, Fig. 6(b) indicates that, for
B(OCH3)3=1.5 sccm (0.5%) samples, the E0-value decreases
from 41 to 16 V/Am, whereas the Emax-value decreases from
100 to 30 V/Am, when the applied bias voltage increases from
125 to 175 V.
The above-results illustrate that the applied bias voltage
imposes more pronounced influence on the electron field
emission properties for the nanodiamonds than the boron-
Fig. 6. Typical electron field emission properties for the as-nucleated
nanodiamonds, which (a) contain 0–3 sccm (0–1.0%) B(OCH3)3 in the
reaction gases and were deposited under 150 V applied voltage (b)
contain 1.5 sccm (0.5%) B(OCH3)3 in the reaction gases and were
deposited under 100 to 175 V applied voltage.
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previous results for the conventional diamond films with
micron-sized grains that the boron doping results in marked
increase in electron field emission properties [18]. The
possible explanation is that, for conventional micron-sized
diamond grains, the incorporated boron species substitute
the lattice carbon atoms, and act as an acceptors. In
nanodiamonds, the size of the grains is only around 20–30
nm, which is too small to accommodate the high strain
induced by the incorporation of boron species into the
diamond lattices. The boron species are mainly sitting on the
loosely bonded grain boundaries. Such an argument is
supported by the fact that the electrical resistance of the
nanodiamond films measured by 4-point probe technique
varies insignificantly among the samples containing differ-
ent level of boron doping.
Contrarily, it has been postulated that in nanodiamonds,
most of the grain boundaries are sp2-bonded, which areconducting path for electrons and are good electron
emission sites [5]. Therefore, the increase in the proportion
of grain boundaries imposes more marked effect on
improving the electron field emission properties for the
nanodiamonds than the increase in boron-content does.
The increase in applied bias voltage results in pronounced
decrease in grain size (cf. Fig. 5(b)) and, therefore,
imposes more significant influence on the electron field
emission properties for the nanodiamonds than any other
parameters.4. Conclusions
Effect of processing parameters on the nucleation behav-
ior of nanodiamond films and the associated electron field
emission properties were investigated. Presumably, the most
important factor, modifying the rate of formation of diamond
nuclei, is the proportion of C+- and H+-species contained in
the plasma. In the boron-doped nanodiamonds, the bias
voltage applied for nucleation of diamonds shows marked
effect on improving the electron field emission capacity for
the nanodiamonds than the boron-content does. It implies that
the increase in proportion of grain boundaries due to the
decrease in grain size under high bias nucleation process is
the prime factor enhancing the electron field emission
properties for the nanodiamonds, as the grain boundaries
are highly conductive and are good emission sites.Acknowledgment
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